Abstract-Back-pressure algorithm has been shown to be effective in reducing traffic congestion. However, available works on back-pressure based traffic control usually ignore the fact that vehicles need time to travel across roads, resulting in inconsistency between controllers' viewpoint of traffic congestion situation and real traffic situation and thus misleading controllers. In this paper, we propose back-pressure based adaptive traffic signal control and vehicle routing with real-time control information update such that controllers always have consistent viewpoint of traffic congestion with real traffic situation and make wise signal control and vehicle routing decisions. As verified by simulations, our algorithm significantly reduces traffic congestion. For example, it reduces average vehicle travelling time by percentage ranging from 71% to 87% under high vehicle arrival rates when compared to other three algorithms.
I. INTRODUCTION
Nowadays traffic congestion becomes a serious problem in urban transportation networks, which causes long travel time to drivers [1] . Traditionally, traffic flows are controlled by traffic lights that change signals in fixed cycles, which are of low efficiency because they ignore real-time traffic situation. Furthermore, drivers in these networks can hardly have real-time global traffic information to smartly select routes to avoid future traffic congestion. Surveys showed that traffic congestion can be alleviated by efficient traffic signal control and route selection methods [2] . Thus, it has been of high interest to study these problems over the years.
Some adaptive traffic signal controllers have been implemented in metropolitan cities, such as SCOOT (Split Cycle Offset Optimization Technique) [3] , SCATS (Sydney Coordinated Adaptive Traffic System) [4] , ROHODES (Real-time Hierarchical Optimizing Distributed Effective System) [5] , etc. These systems adjust signal control parameters, like cycle length and phase, according to real-time traffic situation [6] . Although the feedback of these systems showed some performance improvement, most of the systems cannot provide any performance guarantee [14] . Control theory and game theory have also been applied to design traffic signal control algorithms [7] [8] [9] [10] [11] [12] . However, all of these approaches are centralized. It is difficult to use them in large urban road networks, where decentralized algorithm is required.
Recently, researchers proposed decentralized solutions by applying back-pressure algorithm to adaptive traffic control [13] [14] [15] [16] [17] . Back-pressure was firstly applied in traffic signal control in [14] , and was showed to bring obvious performance gains when compare to fixed cycle signal control. However, all of the above back-pressure based solutions do not provide dynamic route selection and some use fixed shortest path for vehicle routing, which may lead vehicles to congested areas. Recent researches considered adaptive signal control and dynamic vehicles routing [19] [21] . However, they only focused on providing adaptive route guidance for individual vehicles, not coordinating different vehicles. With the development of self-driving technology, it will be more efficient to coordinate different vehicles to reduce overall traffic congestion.
Back-pressure algorithm, originally developed for routing and scheduling in communication networks [22] , has been used to jointly control traffic signals and vehicle routes in [18] . However, the algorithm proposed in [18] applies back-pressure algorithm directly to traffic control without considering the difference between road network and communication network: propagation time of a packet through communication link between two nodes is almost zero, while travel time of a vehicle across a road between two junctions cannot be ignored. According to their algorithm, at a junction, an empty road with 10 vehicles just entering it will be seen as more congested than a road with 5 vehicles already halting and waiting. The inconsistency between controller's viewpoint of traffic congestion situation and real traffic situation misleads controllers in making traffic control decisions.
In this paper, we extend the work [18] and propose novel shadow buffers and shadow queues with real-time control information update such that controllers always have consistent viewpoint of traffic congestion with real traffic situation and wisely do back-pressure based adaptive traffic signal control and vehicle routing. Moreover, we do traffic control by using adaptive rates of vehicles passing through junctions and shortest travelling time between two junctions, instead of constant rates of vehicles passing through junctions and shortest path between two junctions as used in [18] .
The remainder of this paper is organized as follows. In Section II, we introduce system model, concerning road network, traffic signal and traffic rules. In Section III, we describe in details our back-pressure based signal control and adaptive routing algorithm. In Section IV, we verify the effectiveness of our algorithm by simulations and conclude the whole paper in Section V.
II. SYSTEM MODEL

A. Road Network
We model a road network as a directed graph ॳ ൌ ሺॵǡ Թሻ, where ॵ ൌ ሼ‫ܬ‬ ଵ ǡ ‫ܬ‬ ଶ ǡ ‫ܬ‬ ଷ ǡ ‫ڮ‬ ǡ ‫ܬ‬ ௫ ሽ is the set of junctions and Թ ൌ ሼܴ ଵ ǡ ܴ ଶ ǡ ܴ ଷ ǡ ‫ڮ‬ ǡ ܴ ௫ ሽ is the set of roads. We assume that each road consists of three lanes as shown in Fig. 1 . Lane ‫ܮ‬ is for vehicles moving from road ܴ to adjacent road ܴ . Vehicles enter the road network from some origin entry roads and leave the road network from some destination exit roads. Vehicles with the same origin and destination belong to the same flow. Let ॲ ൌ ሼ݂ ଵ ǡ ݂ ଶ ǡ ݂ ଷ ǡ ‫ڮ‬ ǡ ݂ ୫ୟ୶ ሽ be the set of all flows in the road network. For a vehicle of flow ݂ ‫א‬ ॲ, let ‫‬ሺ݂ሻǡ ݀ሺ݂ሻ be its origin entry road and destination exit road respectively. Let ॹ ൌ ሼ‫‬ሺ݂ሻǡ ݂ ‫א‬ ॲሽ Փ ൌ ሼ݀ሺ݂ሻǡ ݂ ‫א‬ ॲሽ Ǥ System time is slotted. Let ߣ ሺ‫ݐ‬ሻ be the number of vehicles exogenously entering the road network from origin ‫‬ሺ݂ሻ of flow ݂ at slot ‫.ݐ‬ 
B. Traffic Rules
At a junction ‫ܬ‬ , vehicles can move from some upstream road ܴ to some downstream road ܴ , which is called traffic movement ሺܴ ǡ ܴ ሻ. For example, Fig. 1 illustrates all possible traffic movements from ܴ ଵ at junction ‫ܬ‬ : ሺܴ ଵ ǡ ܴ ሻǡ ሺܴ ଵ ǡ ܴ ସ ሻǡ ሺܴ ଵ ǡ ܴ ଶ ሻ. Let ॸ ୟ be the set of all possible traffic movement at junction ‫ܬ‬ . A traffic phase ‫‬ at junction ‫ܬ‬ is defined to be the set of all possible traffic movements that can occur simultaneously. Fig. 2 illustrates four typical traffic phases at a four-way junction. For example, traffic movements
ሽ be the set of all possible traffic phases at junction ‫ܬ‬ . Traffic signal control for a junction ‫ܬ‬ is executed by activating one selected phase ‫‬ ‫א‬ Զ ୟ at the beginning of every time slot. 
III. BACK-PRESSURE BASED ADAPTIVE TRAFFIC SIGNAL CONTROL AND VEHICLE ROUTING
In this section, we describe in details our algorithm: back-pressure based adaptive traffic signal control and vehicle routing with real-time control information update.
The basic idea of our algorithm is as follows. Each junction has a control agent. At each time slot, the control agent at each junction performs two tasks: 1) Firstly, it selects a traffic phase to control traffic signals of the junction. 2) Secondly, it determines which lane to join when a vehicle enters a road. Note that for a specific vehicle, the sequence of lanes determined by junction agents forms its route. To aid agents to perform the two tasks, we need the following shadow network. Based on road network, we construct a shadow network as shown in Fig. 3 , which acts as a control network providing control information for agents to perform tasks. In the shadow network, each fictitious shadow vehicle is associated with one real vehicle in road network, each shadow buffer and shadow queue are associated with one real road.
A. Shadow Network with Real-Time Control Information Update
Specifically, the shadow network operates as follows. Once a real vehicle an origin entry road in road network, the corresponding junction agent generates a shadow vehicle and further generates another shadow vehicle with probability ߳ǡ Ͳ ൏ ߳ ൏ ͳ, and let them enter shadow network. Thus, if the vehicle arrival rate of flow ݂ ‫א‬ ॲ is ߣ in real road network, then the shadow vehicle arrival rate of flow ݂ ‫א‬ ॲ is ሺͳ ߳ሻߣ in shadow network. Here, ߳ is to guarantee network stability [18, 20] .
If the exogenous vehicle enters road network from origin road ܴ at time slot ‫ݐ‬ and is destined for destination ݀ ‫א‬ Փ, then the junction agent let the corresponding generated shadow vehicle/vehicles enter shadow buffer ‫ܤ‬ ෨ ௗ ሺ‫ݐ‬ሻ associated with destination ݀ and road ܴ . After the real vehicle runs on road ܴ for a while and meets either of the following two conditions, the junction agent let one shadow vehicle associated with the real vehicle leave shadow buffer ‫ܤ‬ ෨ ௗ ሺ‫ݐ‬ሻ and join shadow queue ܳ ෨ ௗ ሺ‫ݐ‬ሻ associated with destination ݀ and road ܴ . One condition is that vehicle speed is less than 5 km/h, the other condition is that the distance between that vehicle and junction is less than 100 meters.
When one real vehicle leaves one road ܴ ‫א‬ Թ and enters another road ܴ ‫א‬ Թ at slot ‫ݐ‬ , the corresponding junction agent let one associated shadow vehicle leave some shadow queue ܳ ෨ ௗ ሺ‫ݐ‬ሻ , ݀ ‫א‬ Փ, of road ܴ and join some shadow buffer ‫ܤ‬ ෨ ௗ ሺ‫ݐ‬ሻ, ݀ ‫א‬ Փ, of road ܴ as shown in Fig. 3 (Which shadow queue to leave and which shadow buffer to join are specified in Section III-B). After the real vehicle runs on road ܴ for a while and meets either of the above two conditions, the junction agent let the associated shadow vehicle leave the shadow buffer ‫ܤ‬ ෨ ௗ ሺ‫ݐ‬ሻ it joined before and enter the corresponding shadow queue ܳ ෨ ௗ ሺ‫ݐ‬ሻ of road ܴ .
Movement of fictitious shadow vehicles can be seen as exchange of control information in the shadow network, based on which junction agents perform traffic signal control and vehicle routing tasks. The process of updating shadow vehicle status in real-time, being in shadow buffer or being in shadow queue, mimics the behavior of real vehicles travelling on one road. Like real vehicles first entering road from one road end and then approaching the other road end, shadow vehicles first join shadow buffers and then join shadow queues. This is quite different from work [18] , where a vehicle entering road ܴ immediately joins some shadow queue ܳ ෨ ௗ ሺ‫ݐ‬ሻ, ignoring that the vehicle needs time to travel across that road. This results in inconsistency between controllers' viewpoint of traffic congestion and real traffic situation and misleads junction agents in making control decisions.
B. Adaptive Traffic Signal Control and Vehicle Routing Algorithm
Our back-pressure based traffic signal control and vehicle routing algorithm is decentralized. Every junction runs the following algorithm independently. At every time slot ‫,ݐ‬ the agent of a junction ‫ܬ‬ first selects and activates a phase, then determines which lane to join when a vehicle enters a road.
Our algorithm needs to define quantity ‫ݏ‬ ሺ‫ݐ‬ሻ, which is the number of vehicles that can move from road ܴ to road ܴ at slot ‫ݐ‬ given the assumption that traffic light for road ܴ changes to green. For example, if traffic light for road ܴ changes to green at the beginning of slot ‫ݐ‬ and a vehicle can pass the stop line of road ܴ at the end of time slot ‫ݐ‬ with its current location and speed (it may accelerate), then we say the vehicle can move from road ܴ to road ܴ at slot ‫.ݐ‬ The sum of all these vehicles is equal to ‫ݏ‬ ሺ‫ݐ‬ሻ . Thus, ‫ݏ‬ ሺ‫ݐ‬ሻ is influenced by factors like previous traffic light status, vehicle location, vehicle speed, acceleration rate, and thus reflects real-time rates of vehicles passing through a junction.
1) Adaptive Traffic Signal Control:
Firstly, the junction agent computes back-pressure ‫ݓ‬ ௗ ሺ‫ݐ‬ሻ for every destination ݀ ‫א‬ Փ and all possible traffic movement ൫ܴ ǡ ܴ ൯ ‫א‬ ॸ ୟ as follows.
And for every traffic movement ሺܴ ǡ ܴ ሻ, the agent identifies the destination ݀ ‫כ‬ ሺ‫ݐ‬ሻ that maximizes back-pressure ‫ݓ‬ ௗ ሺ‫ݐ‬ሻ:
The agent assigns the maximum back-pressure ‫ݓ‬
ሺ‫ݐ‬ሻ as the weight of traffic movement ሺܴ ǡ ܴ ሻ . Each traffic movement ሺܴ ǡ ܴ ሻ is associated with one ݀ ‫כ‬ ሺ‫ݐ‬ሻ at slot ‫.ݐ‬ At each time slot t, agent of junction ‫ܬ‬ updates the value of ߪ ො ௗ ሺ‫ݐ‬ሻ for all ݀ ‫א‬Փ and traffic movements ൫ܴ ǡ ܴ ൯ ‫א‬ ॸ , using exponential averaging:
where Ͳ ൏ ߚ ൏ ͳ.
Then, each agent updates routing probabilities ܲ ௗ ሺ‫ݐ‬ሻ based on ߪ ො ௗ ሺ‫ݐ‬ሻ as follows:
When a vehicle of destination ݀ enters road ܴ at slot t, it will join lane ‫ܮ‬ with routing probability ܲ ௗ ሺ‫ݐ‬ሻ.
For example, if ܲ ଵ ௗ ሺ‫ݐ‬ሻ ൌ ͲǤͶ, ܲ ଵସ ௗ ሺ‫ݐ‬ሻ ൌ ͲǤͳ, ܲ ଵଶ ௗ ሺ‫ݐ‬ሻ ൌ ͲǤͷ, and a vehicle of destination ݀ enters road ܴ ଵ in Fig.1 , it will join lane ‫ܮ‬ ଵ , ‫ܮ‬ ଵସ and ‫ܮ‬ ଵଶ with probability 0.4, 0.1 and 0.5 respectively.
3) Further Reducing Vehicle Travelling Time:
To encourage traffic flows to follow shorter route to destinations, we introduce a bias ‫ܮ‬ ௗ term in our algorithm. Bias ‫ܮ‬ ௗ is the shortest travelling time from road ܴ to destination road ݀, which is calculated by running shortest path algorithm FloydWarshall algorithm on directed graph ॳ, where road weight is calculated by first dividing the length of a road by its speed limit and then normalizing the result to be between 0 and 10.
Specifically, we add bias ‫ܮ‬ ௗ in our algorithm as follows:
where parameter ߙǡ ߙ Ͳǡ indicates how much weight we put on encouraging traffic flows to follow the shortest travelling time route. A proper setting of ߙ leads to good algorithm performance and effect of ߙ will be examined by simulations.
IV. SIMULATIONS
In this section, we do simulations to evaluate the performance of our algorithm and compare it to other algorithms as follows.
• Fixed-cycle (FC) signal controller: Traffic flows are controlled by traffic lights that change traffic signals in fixed cycle, which is widely used in real world. Vehicles follow fixed shortest paths calculated by Dijkstra's algorithm in the road network.
• Back-pressure based signal controller with shortest path routing (SP-BP): Back-pressure based traffic signal control considers real time traffic situation of each junction as proposed in [14] . Vehicles follow fixed shortest paths calculated by Dijkstra's algorithm.
• Back-pressure based adaptive traffic signal control and vehicle routing without real-time control information update (AR-BP) proposed in [18] .
• Back-pressure based adaptive traffic signal control and vehicle routing with real-time control information update (ARD-BP) proposed in this paper.
A. Simulation Setup
We have implemented the above algorithms in an open source simulator SUMO (Simulation of Urban MObility) [23] .
Topology of road network for simulation is shown in Fig.4 , where each road is bi-directional and has different length ranging from 200 meters to 800 meters and different speed limit ranging from 60 km/h and 120 km/h. Each road consists of three lanes: lanes for vehicles turning right, going straight and turning left as shown in Fig.1 . We generate vehicles of 8 traffic flows with origin and destination pairs ሼሺ‫‬ ଵ ǡ ݀ ଵ ሻǡ ሺ‫‬ ଶ ǡ ݀ ଶ ሻǡ ‫ڮ‬ ǡ ሺ‫‬ ଼ ǡ ݀ ଼ ሻሽ as shown in Fig.4 . Vehicle arrival rates are set to be the same for all pairs and vary from 72 vehicles/hour to 612 vehicles/hour. System time slot is set to be of duration 15 seconds. Shadow vehicle generating parameter ߝ is set to be 0.02 and vehicle routing parameter ߚ is set to be 0.02.
We collect the following data: vehicle speed, number of vehicles in road network, number of arriving vehicles and vehicle travelling time. Vehicle travelling time is defined to be the interval from the time a vehicle enters road network to the time it exists road network or to the time of simulation end.
We run simulations of algorithms FC and SP-BP for 7200 + 5000 = 12200 seconds (3.4 hours). We do not collect simulation data of vehicles that enter road network after 7200 seconds, because only 5000 seconds are left for simulation and these vehicles will make us underestimate average vehicle travelling time. We run simulations of algorithms AR-BP and ARD-BP for 6000 + 7200 + 5000 = 18200 seconds (5 hours).
We do not collect simulation data of vehicles that enter road network for the first 6000 seconds, because algorithms AR-BP and ARD-BP need time to learn vehicle routing probabilities ܲ ௗ ሺ‫ݐ‬ሻ and reach a stable routing policy, the first 6000 seconds in simulations constitute a warmup stage. For the same reason as before, we do not collect simulation data of vehicles that enter road network after 6000 + 7200 = 13200 seconds. 
B. Simulation Results and Analysis
Simulation results about average vehicle travelling time are summarized in Fig. 5. From Fig. 5 ., we can see that our algorithm ARD-BP outperforms other algorithms and achieves the lowest average vehicle travelling time for almost all vehicle arrival rates. For example, it reduces average vehicle travelling time by percentage ranging from 71% to 87% under high vehicle arrival rates when compared to other three algorithms. It verifies the effectiveness our algorithm in reducing traffic congestion. Average vehicle travelling time under ARD-BP is only slightly larger than that of SP-BP at low vehicle arrival rates. This is because under low vehicle arrival rates, traffic congestion is not a problem, better routing choices may be shortest paths. The intuition is that high vehicle speed indicates less traffic congestion. From the figure, we can see that average vehicle speed under ARD-BP is significantly higher than other algorithms when vehicle arrival rate is greater than 200 vehicles/hour. This verifies the effectiveness of our algorithm from another perspective. Finally, we examine the effect of parameter ߙ on ARD-BP performance. From Fig. 9 , we can see that average travelling time under ARD-BP first decreases as ߙ increases and then increases as ߙ further increases. Clearly, there is an optimal value of ߙ such that ARD-BP achieves the lowest average travelling time. In summary, by introducing novel shadow buffers, shadow queues and real-time control information update, our adaptive traffic signal control and vehicle routing algorithm ARD-BP greatly improves road network utilization, reduces traffic congestion and thus vehicle travelling time. Our algorithm is superior to the one proposed in [18] .
V. CONCLUSION
In this paper, we proposed a back-pressure based adaptive traffic signal control and vehicle routing algorithm ARD-BP. Our algorithm considers the reality that vehicles need time to travel across roads and achieves consistency between controllers' viewpoint of traffic congestion situation and real traffic situation by using novel mechanism of shadow buffers, shadow queues and real-time control information update. Our algorithm greatly reduces traffic congestion and vehicle travelling time as verified by simulations and is superior to other three algorithms.
